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A B S T R A C T
Light-harvesting complex II (LHCII) from the marine green macroalga Bryopsis corticulans is spectroscopically
characterized to understand the structural and functional changes resulting from adaptation to intertidal en-
vironment. LHCII is homologous to its counterpart in land plants but has a different carotenoid and chlorophyll
(Chl) composition. This is reflected in the steady-state absorption, fluorescence, linear dichroism, circular di-
chroism and anisotropic circular dichroism spectra. Time-resolved fluorescence and two-dimensional electronic
spectroscopy were used to investigate the consequences of this adaptive change in the pigment composition on
the excited-state dynamics. The complex contains additional Chl b spectral forms – absorbing at around 650 nm
and 658 nm – and lacks the red-most Chl a forms compared with higher-plant LHCII. Similar to plant LHCII,
energy transfer between Chls occurs on timescales from under hundred fs (mainly from Chl b to Chl a) to several
picoseconds (mainly between Chl a pools). However, the presence of long-lived, weakly coupled Chl b and Chl a
states leads to slower exciton equilibration in LHCII from B. corticulans. The finding demonstrates a trade-off
between the enhanced absorption of blue-green light and the excitation migration time. However, the adaptive
change does not result in a significant drop in the overall photochemical efficiency of Photosystem II. These
results show that LHCII is a robust adaptable system whose spectral properties can be tuned to the environment
for optimal light harvesting.
1. Introduction
Bryopsis corticulans (B. corticulans) is a marine green macroalga,
growing in the rocky intertidal shores in the form of a single-cell thallus
with tubular filament siphons. Its photosynthetic apparatus, similar to
other species in the order Bryopsidales, is adapted for optimal utilization
of the predominant blue-green light available under water and may be
modulated in response to fast changing light environments [1]. The
spectral adaptation involves changes in the pigment composition of
light-harvesting complex II (LHCII) – the membrane-intrinsic chlor-
ophyll (Chl) a/b-binding peripheral antenna of Photosystem II (PSII).
The peculiar structural and functional characteristics of the B. corticu-
lans antenna system make it a useful model to understand the design
principles of photosynthetic light harvesting and photoprotection [2,3].
At present, there is no crystallographic structure of LHCII from B.
corticulans and information about the molecular structure and pigment
composition is obtained from biochemical and spectroscopy analyses.
Although B. corticulans is more distant to plants than other green algae
such as well-studied Chlamydomonas reinhardtii, its Lhcbm apoprotein
has >70% sequence identity with the major LHCII (Lhcb1–3) in higher
plants and is expected to possess a similar structure with three trans-
membrane α-helical regions [4–6]. Thus, the key sequences and re-
sidues responsible for maintaining the structure and trimerization of
LHCII are largely conserved in the syphonous green algae, as are all the
carotenoid and Chl binding ligands. In spite of the high degree of
homology, however, marked differences are found in the pigment
composition. Instead of the xanthophylls lutein and violaxanthin pre-
sent in higher plants, B. corticulans contains siphonaxanthin and
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siphonein – unique keto-carotenoids [5–7] which are more reminiscent
of the carotenoids found in the light-harvesting antenna complexes of
red algae and diatoms. Siphonein and siphonaxanthin significantly
enhance the absorption of green and blue-green light. The centrally
located xanthophylls – normally luteins in LHCII of higher plants [8] –
are essential for the folding and structural stabilization of the complex.
The amino acid sequence of the Lhcbm proteins in B. corticulans is al-
tered to accommodate the large hydroxyl group of siphonaxanthin and
the large ester group of siphoneins [4–6].
The total number of Chls in LHCII of B. corticulans is the same as in
plant LHCII – 14. However, instead of eight Chl a and six Chl b, LHCII of
B. corticulans binds six Chl a and eight Chl b [5]. In spite of the exchange
of two Chls a to b, the amino acid ligands to the chlorin rings are the
same in the two types of LHCII, suggesting that the ligand environment
for Chl a and b is somewhat flexible. This is in agreement with in vitro
reconstitution experiments showing that Chl a and b can occupy the
same binding sites [9,10]. The higher Chl b/a ratio also contributes to
the absorption of shorter-wavelength light in the region 600–660 nm
[1].
Nakayama and coworkers [11,12] investigated the Chl spectral
forms and the excitation energy transfer (EET) dynamics in LHCII of a
related organism, B. maxima. Steady-state and time-resolved fluores-
cence analysis revealed efficient EET from the carotenoids siphonein
and siphonaxanthin to Chl a, whereas EET to Chl b was not observed. In
contrast to LHCII from spinach, Chl b emission was detected in B.
maxima LHCII upon direct excitation in the Chl b region at low tem-
perature (77 K). The authors concluded that a fraction of Chl b, albeit
small, is unable to transfer energy to Chl a at this temperature. This
poses the question whether spectral adaptation in the algal LHCII comes
at a price of compromising the efficiency of EET. One of the most potent
techniques for resolving the dynamics of EET is two-dimensional elec-
tronic spectroscopy (2DES), mapping the transient absorbance changes
in femtoseconds to nanoseconds time range with simultaneous resolu-
tion of the excitation (“pump”) and detection (“probe”) wavelength
[13–15]. Circular dichroism (CD) and anisotropic CD (ACD) spectro-
scopy have recently been proven useful for identifying the exciton
states responsible for the spectral features and EET in plant LHCII [16].
Here we present a comprehensive spectroscopic characterization of
LHCII isolated from B. corticulans, a green macroalga closely related
with B. maxima, aimed at better understanding the consequences of the
pigment composition changes, in comparison with higher-plant LHCII,
on the photophysical properties of the antenna. Steady-state absorption,
fluorescence, linear dichroism (LD), CD and ACD spectra showed that at
least two Chl a sites in higher-plant LHCII are occupied by Chl b in B.
corticulans, decreasing the absorption at long wavelengths (674 and
679 nm) and increasing short-wavelength absorption (650 and
658 nm). Time-resolved fluorescence and 2DES showed that overall
EET remains highly efficient despite the presence of relatively long-
lived Chl b forms and slightly slower exciton equilibration dynamics in
the Chl a domain of B. corticulans LHCII.
2. Materials and methods
2.1. Sample preparation
B. corticulans was collected from intertidal coastal areas around
Qingdao, China and LHCII was isolated and purified as described in [5].
Detergent-solubilized LHCII was embedded into native thylakoid lipid
membranes according to the protocol of Akhtar et al. [17].
2.2. Absorption, LD, CD and ACD spectroscopy
Absorption and CD spectra in the range of 350–750 nm were re-
corded at room temperature (RT) with a Thermo Evolution 500 spec-
trophotometer and a Jasco J-815 spectropolarimeter, respectively.
LHCII samples in solution were diluted in 20 mM Tricine buffer
(pH 7.8) with 0.03% n-dodecyl β-D-maltoside (β-DDM) to an absor-
bance of one at the red maximum. Measurements were performed in a
standard glass cell of 1-cm optical path length. Synchrotron-radiation
(SR) CD spectra in the near and far UV region were measured at the B23
CD beamline of the Diamond synchrotron (UK). For SR CD measure-
ments, the samples were placed in 0.2 mm fused silica cells.
LD and ACD spectra were recorded from reconstituted LHCII
membranes macroscopically aligned by polyacrylamide gel compres-
sion and by drying on a quartz surface under N2 gas stream as described
in Akhtar et al. [16]. ACD spectra were recorded in face-aligned or-
ientation, with the measuring beam parallel to the membrane normal,
and LD spectra were recorded in edge-aligned orientation (with the
membrane plane parallel/perpendicular to the beam polarization).
2.3. Steady-state fluorescence spectroscopy
Fluorescence emission spectra at 77 K were recorded with a
Fluorolog 3 double-monochromator spectrofluorometer (Horiba Jobin-
Yvon, USA). 40 μl of LHCII solution with absorbance of 0.3 at the red
maximum were evenly placed onto a Whatman GF/C glass microfiber
filter and immersed in liquid nitrogen in a Dewar glass vessel. Spectra
were recorded in the range of 600–800 nm with 436 nm and 475 nm
excitation light and 5 nm excitation/emission spectral bandwidth and
corrected for the spectral response of the detector. RT fluorescence
spectra were recorded with a Jasco FP-8500 spectrofluorometer. The
samples were diluted to absorbance of 0.01 at the red maximum and
placed in a 1-cm quartz cell.
2.4. Time-resolved fluorescence
Fluorescence decays were measured at RT by time-correlated single-
photon counting using a FluoTime 200/PicoHarp 300 instrument
(Picoquant, Germany). The source of excitation was a Fianium
WhiteLase Micro (NKT Photonics, UK) supercontinuum laser, providing
white-light pulses at a repetition rate of 20 MHz. The samples were
diluted to an absorbance of 0.03 at the excitation wavelength in a 1.5-
mm pathlength flow cell and continuously circulated during the mea-
surement to avoid repeated excitation of the same sample volume. The
excitation wavelength was set to either 460 nm or 633 nm by passing
the laser beam through an excitation monochromator and a band-pass
filter and the pulse energy was adjusted to ~0.1 pJ. Fluorescence de-
cays were recorded at wavelengths between 656 and 744 nm with 8 nm
steps and binned in 4-ps time channels. The instrument response
function (IRF) was measured using 1% Ludox (colloidal silica) as
scattering medium. The IRF width was ~50 ps at the excitation wa-
velength. The fluorescence decays were subjected to global multi-
exponential lifetime analysis routine with IRF reconvolution to obtain
lifetimes and decay-associated emission spectra (DAES) using MATLAB
routines created in-house.
2.5. Two-dimensional electronic spectroscopy
Fourier-transform femtosecond 2DES was performed at 295 K (RT)
and 77 K in a partially collinear “pump-probe” geometry using an ex-
perimental setup described in [18]. Briefly, a two-pulse train of inter-
action pulses (pump/excitation pulses) of 35 fs duration with con-
trollable inter-pulse delay time and phase difference are obtained by
passing the output of a non-collinear parametric amplifier (TOPAS,
Light Conversion) through an acousto-optic programmable dispersive
filter (AOPDF) pulse shaper (Dazzler, Fastlite). The spectra of the ex-
citation pulses are centred at 670 nm, coinciding with the Chl a Qy
absorption band of LHCII (Supplementary Fig. S1). A white-light su-
percontinuum pulse generated in a 2-mm sapphire window is used as
the third interaction pulse (probe/detection) after compressing with a
pair of chirped mirrors. The transient absorption of the probe is then
measured along the λt axis. The cross-correlation width of the
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excitation and probe pulses was 70 fs (FWHM) or less. The time delay τ
between the two excitation pulses was scanned between 0 and 150 fs
with 3-fs steps for RT measurements and between 0 and 378 fs with 6-fs
steps for 77 K measurements. The 2D photon echo signals were re-
corded by utilizing a 1 × 2 phase cycling scheme in a partially rotating
frame of reference [19]. The probe pulse was plane-polarized at the
magic angle (54.7°) with respect to the polarization of the excitation
pulses. The signals (2D interferograms) were Fourier-transformed along
τ to obtain 2D electronic spectra in the frequency/wavelength domain
(with excitation/detection wavelengths λτ/λt). The waiting time (Tw)
between the excitation and probe pulses was scanned from −100 fs to
100 ps in a quasilogarithmic progression. The excitation pulse energy
was attenuated to 1–1.5 nJ, equivalent to ~2 × 1013 photons/cm2/
pulse, to obtain maximal transient absorption signal of 1.5 and 2 mOD
for RT and 77 K, respectively. The average number of excitations per
LHCII trimer was approximately estimated to be 0.04–0.06.
For 2DES measurements at RT, the LHCII samples were diluted in
degassed buffered medium (pH 7.8) containing 20 mM tricine and
0.03% β-DDM to absorbance of 0.3 at 675 nm (1 mm path length). The
sample was continuously circulated during the measurement. For 77 K
measurements the LHCII samples were diluted in degassed buffered
medium (pH 7.8) containing 60% (v/v) glycerol, 20 mM tricine and
0.03% β-DDM. The suspension was placed in a cell between two sap-
phire windows separated by a 0.5-mm Teflon spacer shielded with
cryogenic grease to absorbance of 0.3 at 675 nm. Temperature was
controlled by a liquid‑nitrogen-cooled vacuum cryostat (Janis) with
BaF2 windows.
3. Results
3.1. Absorption and fluorescence spectra
The absorption spectra of LHCII trimers isolated from B. corticulans
solubilized with β-DDM are compared with LHCII isolated from pea
(Pisum sativum) in Fig. 1. The RT absorption spectra have two char-
acteristic peaks in the Soret region, at 437 nm and 475 nm, and two in
the Chl Qy region, 672 nm and 651 nm, primarily attributed to Chl a
and Chl b, respectively. The peak positions and their amplitudes slightly
differ between B. corticulans and P. sativum owing to the different pig-
ment composition of the two species. The positive peaks at 655 nm and
478 nm in the difference absorption spectrum testify to a higher Chl b
content of B. corticulans, and, conversely, the negative peaks at 680 nm
and 430 nm indicate lower Chl a content. The broad absorption band at
532 nm in B. corticulans is due to the carotenoids siphonein and si-
phonaxanthin [5]. The absorption spectrum of B. corticulans LHCII at
77 K (Fig. 1b) contains two resolved peaks in the Chl b Qy region – at
650 and 658 nm. The difference spectrum with P. sativum shows ne-
gative peaks at 679 nm and 674 nm and positive peaks at 650 nm and
658 nm.
Fluorescence emission spectra of LHCII from B. corticulans and P.
sativum at RT and 77 K are shown in Fig. 2. Reflecting the blue-shifted
maximum in the absorption spectrum, the emission of B. corticulans is
shifted by 2 nm to shorter wavelengths. The spectra also show higher
emission from Chl b at RT – 16% relative fluorescence intensity at
655 nm, compared to 9% in the spectrum from P. sativum. There is
virtually no Chl b emission at 77 K.
3.2. CD, ACD and LD spectra
The CD and ACD spectra of LHCII from B. corticulans measured in
the visible wavelength region are shown in Fig. 3. Note that for the
measurement of ACD and LD spectra, the complex was embedded in
reconstituted membranes. The CD spectrum of reconstituted LHCII
membranes (Supplementary Fig. S2) is not significantly different from
that of LHCII solubilized in β-DDM (Fig. 3a). In the red region, the CD
spectrum is characterized by two negative (651 and 681 nm) and one
positive band (665 nm) associated with the Qy exciton states of Chl b
and a. The CD in the Soret region is dominated by two negative bands
(475 nm and 492 nm) and two positive bands (445 nm and 484 nm). B.
corticulans and higher-plant (P. sativum) LHCII share similar spectral
features, both in the ultraviolet and in the visible wavelength region
(Supplementary Fig. S2). B. corticulans shows stronger CD in the Qy
band of Chl b, 651 nm, stronger positive CD bands at 445 nm and
484 nm and an additional negative CD band at 532 nm. The CD bands
associated with Qy transitions of Chl a are blue-shifted compared to
higher-plant LHCII, in agreement with the blue-shifted absorption
maximum.
The face-aligned ACD spectrum enhances excitonic CD bands
wherein the electronic transition dipole moment is predominantly
parallel to the membrane plane (Fig. 3b). The ACD spectrum has intense
positive peaks at 445 nm and 484 nm – which is characteristic of
higher-plant LHCII as well [16]. Further, bands at 586, 607 and 637 nm
are clearly visible in the ACD spectrum but barely or not at all detect-
able in the isotropic CD. On the other hand, the negative bands at 431
and 473 nm, observed in the CD spectra, are suppressed in the ACD
spectrum, signifying that the associated transition dipole moments are
close to perpendicular to the membrane plane. A notable difference
between the ACD spectra of the algal and the higher-plant LHCII is that
the positive band at 680 nm in the latter is not observed in B. corticulans
– the red-most ACD band is negative in the algal spectrum (see Dis-
cussion). On the other hand, B. corticulans shows an additional positive
ACD band at 454 nm. ACD spectra were also recorded from uniaxially
compressed gels in the face-aligned position as a control (Supplemen-
tary Fig. S3). The spectra were virtually identical to the spectra of de-
hydrated lipid films.
The major bands in the face-aligned ACD spectrum – at 445 and
Fig. 1. Absorption spectra of LHCII isolated from B. corticulans and P. sativum solubilized in 0.03% β-DDM at RT (a) and 77 K (b). The black curve shows the
difference spectrum B. corticulans minus P. sativum.
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484 nm – are correlated with positive peaks in the LD spectrum of edge-
aligned LHCII membranes (Fig. 4), confirming that the contributing
transition dipole moment is preferentially parallel to the membrane
plane. Comparison with the LD spectrum of plant LHCII, highlights the
additional chlorophyll b forms in B. corticulans.
3.3. Time-resolved fluorescence
The fluorescence decay kinetics of LHCII of B. corticulans was re-
corded by time-correlated single photon counting at several emission
wavelengths (Fig. 5). Global multiexponential analysis of the decays at
emission wavelengths 664–744 nm required three decay lifetimes to fit
the data (Supplementary Fig. S4) – a major lifetime of 4.5 ns, having
90% contribution, and two shorter lifetimes (120 ps and 1.2 ns). In-
terestingly, this results in an average fluorescence lifetime of 4.0 ns –
longer than higher-plant LHCII, which was found to be 3.5–3.6 ns,
consistent with previous reports [20,21]. The decay-associated emis-
sion spectra (DAES) are nearly identical for all three components
(Fig. 5). It can be concluded that upon excitation at 633 nm (exciting
both Chl a and b), EET is faster than the time resolution of the instru-
ment (approx. 20 ps). The same conclusion can be drawn from an in-
spection of the time-resolved spectra and the decay traces at different
wavelengths (Supplementary Fig. S5). LHCII embedded in liposomes
exhibits multiexponential kinetics with shorter decay lifetimes and the
spectra show enhanced emission above 700 nm (Supplementary Fig.
S6), similar to LHCII from higher plants [22]. In this case, global ana-
lysis resolves an 80-ps lifetime component with a positive peak in the
DAES at 680 nm and negative peak at ~700 nm. Therefore, the com-
ponent likely represents the appearance (via EET) of states emitting in
the far-red region that can be assigned to mixed exciton-charge-transfer
states.
3.4. Two-dimensional electronic spectroscopy
3.4.1. Room temperature 2D electronic spectra
The 2D electronic spectrum is a correlation map of two frequencies
or wavelengths for a given waiting time Tw. Generally, the negative
absorptive signal at excitation wavelength λτ and detection wavelength
λt (denoted λτ → λt) is proportional to the population, at time Tw, of
states absorbing at λt, given that the initial excitation was at λτ. Fig. 6
shows RT 2D electronic spectra of detergent solubilized LHCII from B.
Fig. 2. Fluorescence emission spectra of LHCII from B. corticulans and P. sativum at RT (a) and 77 K (b), with excitation at 475 nm. The spectra are normalized to the
maximum emission.
Fig. 3. CD and ACD spectra of LHCII from B. corticulans and P. sativum (a) CD spectra of LHCII solubilized in 0.03% β-DDM and (b) ACD spectra of membranes
oriented in dehydrated films. The spectra are plotted in units of ΔA × 10−3 (mOD) and normalized to unity isotropic absorbance at 675 nm.
Fig. 4. LD spectra of LHCII from B. corticulans and P. sativum measured from
membranes in a squeezed polyacrylamide gel in edge-aligned orientation. The
spectra are normalized to unity isotropic absorbance at 675 nm.
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corticulans recorded at several distinct Tw. The total spectral width
along the vertical axis (λτ) is determined by the overlap of the excita-
tion pulse spectrum and the LHCII absorption spectrum (Supplementary
Fig. S1). At early waiting times (Tw = 100 fs), the negative signal (from
ground-state bleaching and stimulated emission) is predominantly
aligned along the diagonal, representing population of states directly
excited by the pump pulse (Fig. 6a). Off-diagonal signals are also ob-
served in the region λτ = 650–670 nm and λt = 660–680 nm, in-
dicating very fast exciton relaxation among strongly coupled Chl do-
mains. In the evolution of the 2D spectrum from 100 fs to 1 ps (Fig. 6a
and b, respectively), the diagonal signal around 650 nm decays (by
about 70%) while off-diagonal signals gain intensity.
The rapid decay of the 650-nm diagonal signal is shown by the time
course in Fig. 7. The 665-nm diagonal trace decays markedly slower
while the off-diagonal signal from 650 nm to 665 nm reaches its
maximum value in <300 fs and decays thereafter. The time traces and
the 2D spectra clearly show significant remaining population of states
at around 665–670 nm up to 5 ps. On the other hand, almost no po-
pulation of states absorbing below 660 nm is detected at this time
Fig. 5. Time-resolved fluorescence spectroscopy of
detergent solubilized LHCII of B. corticulans. (a)
Fluorescence decay trace at 680 nm emission
(black), three-exponential fit (blue), IRF (red) and
weighted residuals (lower subplot). (b) Decay-asso-
ciated fluorescence emission spectra obtained from
three-exponential global analysis of the decays at
664–744 nm. The inset shows normalized decay-as-
sociated spectra.
Fig. 6. Representative purely absorptive 2D
spectra of detergent solubilized LHCII (B. corti-
culans) recorded at RT with excitation pulses
centred at 670 nm and selected waiting times
(0.1, 1, 5 and 50 ps). The symbols λτ and λt
indicate excitation and detection wavelengths,
respectively. Yellow-red colours code the nega-
tive ground-state bleach/stimulated emission
signal with contour lines at every 12.5% in-
tensity.
Fig. 7. Waiting-time dependence of the absorptive signal from 0.1 to 100 ps at
selected excitation/detection wavelength intersections in the 2D electronic
spectra, indicated as λτ→λt. Note the logarithmic time scale.
P. Akhtar, et al. BBA - Bioenergetics 1861 (2020) 148191
5
(Fig. 6c). With the decay of the 665-nm diagonal trace and the
650–665-nm off-diagonal trace, a corresponding rise of the 665–680-
nm trace is observed showing that excitations are transferred to lower-
energy states. Thus, the spectral evolution generally shows a multistep
cascade with rapid EET (mostly within 1 ps) from Chl b to the inter-
mediate wavelength region at 660–670, followed by slower dynamics to
the low-energy Chl a states. Virtually all EET ceases by 20 ps. The 2D
spectra beyond this waiting time are centred at λt = 680 nm and ex-
hibit no correlation between excitation and detection wavelengths
(Fig. 6d), which signifies that a thermal equilibrium among all states
has been reached.
To obtain a quantitative measure of the EET timescales and asso-
ciated pathways, the time-resolved 2DES data were subjected to global
multiexponential lifetime analysis [23]. Four lifetime components were
necessary for a satisfactory fit. The 2D decay-associated spectra (2D
DAS), shown in Fig. 8, describe the spectral changes occurring in the 2D
electronic spectra with the corresponding lifetimes. Negative or positive
amplitudes primarily indicate that the ground state bleach/stimulated
emission signal decays or rises, respectively, on a given timescale. The
shortest resolved lifetime (260 fs) is characterized by the decay of the
diagonal signals (negative amplitudes) along the entire probed region
with local maxima at 652 and 660 nm, and the corresponding rise
(positive amplitudes) of off-diagonal signals at λt = 672–675 nm
(Fig. 8a). The second 2D DAS (1.7 ps) (Fig. 8b) shows the decay of states
at around 662–665 nm, which are either directly excited (on the di-
agonal) or populated via EET from upper-lying states
(λτ = 650–660 nm) and the corresponding rise of low-energy Chl a
excitons (λt ≈ 680 nm). The slowest EET timescale, 9.4 ps (Fig. 8c),
shows decay of diagonal and cross-peak signals at λt ≈ 670 nm and
further rise of the lowest-energy excitons. A diagonal peak at
650–655 nm is also resolved in the 2D DAS, revealing a small fraction of
long-lived Chl b states. Overall, 20% of excitations from 650 nm are
transferred to the lowest-energy states (680 nm) within 100 fs, 24% on
a 260 fs timescale, and the remaining 56% are transferred on a time-
scale longer than 1 ps – the amplitude-weighted average rise time of the
650 → 680 nm cross-peak is ~2 ps.
All three EET components also show uphill pathways as cross-peaks
below the diagonal (λt < λτ), positioned generally symmetric to the
downhill cross-peak but with lower amplitude, as expected from the
detailed balance [24]. The final 2D DAS (τ ≈ 3 ns) (Fig. 8d) reflects the
decay to the ground state. As described above, the shape of the spectrum
shows almost no correlation between the excitation and detection wa-
velengths, indicating that EET is complete and a final, thermally equili-
brated state population is reached independent of the initial excitation.
3.4.2. 2D electronic spectra at 77 K
Cooling down to 77 K brings about more spectral details – the
lineshapes are significantly narrower and individual peaks become re-
solved in the 2D electronic spectra (Fig. 9) – around 650, 658, 669 and
677 nm. At early waiting times (Tw = 100 fs), all four peaks are along
the diagonal line (Fig. 9a). A cross-peak is also observed around
λτ = 670 nm and λt = 675–678 nm, which is separated from the di-
agonal peak at 669 nm and probably originates from excitonic coupling
between Chl a molecules. In the time between 100 fs and 1 ps (Fig. 9a
and b, respectively), the 650 and 658-nm peaks practically vanish and
corresponding cross-peaks at λt ≈ 675 nm are visible. This indicates
that EET from the high-energy Chl b band to Chl a occurs at a rate
comparable to that observed at RT.
The 669-nm peak retains 70% of its intensity at 1 ps, the remaining
30% apparently being transferred to 674 nm. The 669-nm peak is de-
tectable even after 5 ps (Fig. 9c), at about 23% of its initial amplitude.
By 50 ps (Fig. 9d), all peaks are centred around λt = 677 nm, which is
the terminal excited state. In contrast to the RT measurements, there is
still a pronounced correlation between excitation and detection wave-
lengths at long waiting times. This is visualized by the horizontal cuts of
the spectra at λτ in the range 676–680 nm (Supplementary Fig. S7). In
other words, the final exciton state at 77 K, depicted by the diagonal
peak at 677 nm, is inhomogeneously broadened.
More details about the EET at 77 K can be seen in the selected ki-
netic traces in Fig. 10. For instance, the 652-nm diagonal trace (blue
Fig. 8. 2D decay-associated spectra of LHCII
obtained from four-component global lifetime
analysis of 2DES data collected at RT. Red/blue
colours represent negative/positive amplitudes
(decay/rise of the negative absorptive signal).
Note the different colour coding of the signal
amplitude. (For interpretation of the references
to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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curve, Fig. 10a) decays slightly faster than the 658-nm trace (Fig. 10b);
initial excitation at both wavelengths results in the population of states
around 670 nm (red curves), which grows until 1 ps and thereafter
decays, giving rise to lower-energy states. The transients also reveal
slow relaxation of states around 674 nm occurring on a timescale longer
than 10 ps (yellow curves). The population of the lowest-energy states
(purple) steadily grows until 30–40 ps, at which point decay processes
prevail.
The 2D DAS resulting from four-exponential fitting of the 2D elec-
tronic spectra at 77 K are plotted in Fig. 11. The first three 2D DAS
(Fig. 11a, b and c) with lifetimes of 0.5, 2.7 and 15 ps are associated
with EET as seen by the decaying diagonal states and corresponding rise
of cross-peaks, mainly at longer detection wavelengths. The final life-
time in the nanoseconds range represents decay to the ground state. The
shortest resolved lifetime of 0.5 ps is associated with decay of the
shorter-wavelength peaks resolved in the 2D electronic spectra – at 650,
658 and 669 nm – giving rise to states at detection wavelengths be-
tween 665 and 675 nm. Also visible is the decay of a 652 → 658-nm
cross-peak signal, i.e. relaxation of the 658-nm states, which have been
populated from states absorbing around 652 nm by very fast EET.
The second 2D DAS (2.7 ps) (Fig. 11b) reflects the subsequent re-
laxation of excitons at 658 and 669 nm. The negative-amplitude cross-
peaks at the corresponding detection wavelengths, 650 → 658 nm,
653 → 669 nm, 658 → 669 nm, show that these intermediate states
bridge the EET from the high-energy Chl b to Chl a. Exciton equili-
bration in the 670–675 nm region also occurs on this timescale, with
well resolved downhill and uphill cross-peaks.
The slowest EET lifetime of 15 ps (Fig. 11c) is associated mainly
with EET between the lowest Chl a states in the 674–678 nm region.
However, diagonal peaks at 664–669 nm and at 650 nm are also visible
Fig. 9. Representative purely absorptive 2D electronic spectra of detergent solubilized LHCII trimers recorded at 77 K with excitation pulses centred at 670 mm, at
selected waiting times Tw as indicated. The symbols λτ and λt indicate excitation and detection wavelengths, respectively.
Fig. 10. Waiting-time dependence of the absorptive signal of LHCII at 77 K, at selected wavelength intersections, indicated as λτ→λt, plotted for two excitation
wavelengths, 652 nm (a) and 658 nm (b).
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(see Fig. S8), showing the existence of weakly coupled Chls, presumably
Chl a and Chl b, respectively. The shape of the final 2D DAS (re-
presenting decay to the ground state) is practically identical to the 2D
electronic spectrum at Tw = 50 ps (see Fig. 9d).
4. Discussion
4.1. Chl spectral forms
The efficiency of light harvesting, and hence of photosynthetic en-
ergy conversion, depends on the ability of the light-harvesting antenna
to (1) absorb the available radiation, i.e. maximize the cross-section and
(2) deliver the energy to the reaction centres without quantum losses,
i.e. minimize the EET time. These two criteria are inherently at odds –
on one hand, the excitation migration time scales with the antenna size
and, on the other, the Förster resonance EET rate decreases as the en-
ergy gap between the donor–acceptor chromophores increases. The
light-harvesting antenna of B. corticulans has an altered carotenoid and
Chl composition that enhances the absorption of shorter-wavelength
light available below the water surface, when submerged. The car-
otenoids siphonein and siphonaxanthin are well suited to absorb green
light in the wavelength region between the Soret and Qy transitions of
Chls (Fig. 1) and the efficiency of EET transfer to Chls is higher than
90%, enabling B. corticulans to absorb and utilize the green light effi-
ciently under intertidal water [5,25]. B. corticulans also binds more Chl
b at the expense of Chl a (compared to higher plants) to harvest blue-
green light (460–500 nm), and the consequences of this change on the
spectroscopic and EET characteristics of the complex are the primary
focus of the present study.
Owing to the high degree of sequence homology and the con-
servation of all Chl binding sites in Lhcbm from B. corticulans and Lhcb
from higher plants [5], the folded protein complexes should have a
similar secondary and tertiary structure and general pigment
arrangement; this is also corroborated by the virtually identical CD
spectra in the UV region (Supplementary Fig. S2). The absorption
spectra confirmed that B. corticulans binds two extra Chl b molecules,
giving rise to two positive peaks in the Chl b Qy region of the difference
spectra B. corticulans minus P. sativum (Fig. 1). Because of the different
binding sites, the two Chls differ in transition energy – one absorbs at
658 nm and the other around 650 nm. The additional 658-nm spectral
form is also clearly resolved in the 2D electronic spectra at RT (Fig. 6)
and 77 K (Fig. 9). It must be noted that similar 77 K absorption spectra
were reported for B. maxima, where the 658-nm Chl form was present
and identified by gaussian decomposition analysis but ascribed to Chl a
[11]. Additional features in the absorption difference spectrum
(Fig. 1b) hint that the transition energies of other Chls are perturbed in
B. corticulans. This is expected as the Chl a/b exchange will affect ex-
citonic couplings with neighbouring Chls even if the overall pigment
arrangement/conformation is retained. Furthermore, the transition
energy of Chls may also be affected by the protein environment sur-
rounding their binding sites [26], since there are slight differences in
the residues surrounding the binding sites [5] even though the direct
ligands for all are conserved between the green alga and higher plants.
It is interesting to observe that the additional Chls b in B. corticulans
LHCII are at the expense of apparently the lowest-energy form of Chl a
(679–680 nm). This results in blue-shifted maxima of the linear spectra
(absorption, fluorescence, CD). The missing lowest-energy state is also
evident in the 2D electronic spectra. Recently, phenomenological
modelling of the 2DES data of P. sativum LHCII recorded under similar
experimental conditions has revealed that the final state at 77 K is a
distribution of predominantly two excitons – at 677–678 nm and
679–680 nm [27]. In contrast, the 2D electronic spectra of B. corticulans
LHCII at long delay times are centred at 677 nm (Fig. 9) – the lowest-
energy exciton in this complex. Nakayama and Mimuro [11] fitted a
679-nm component to the absorption spectra of B. maxima recorded at
15 °C but the longest-wavelength form at 77 K was at 675 nm (apart
Fig. 11. 2D decay-associated spectra of LHCII at 77 K, obtained from four-component global lifetime analysis of the 2DES data. Red/blue colours represent negative/
positive amplitudes (decay/rise of the negative absorptive signal).
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from a substoichiometric broad band at 682 nm). Note that in both B.
corticulans and plant LHCII, cooling results in a gradual blue shift in the
absorption [28] as well as the 2D electronic spectra [24] and an ap-
parent disappearance of the red-most transitions that could be of vi-
bronic nature [29].
Without a high-resolution structural model, we can only speculate
about the binding sites of the extra Chl b molecules; however, the
spectroscopic data presented here reveal that at least one of them is
associated with the so-called terminal emitter or the lowest-energy
exciton in plant LHCII. Earlier mutagenesis and spectroscopy studies on
plant LHCII [26] and the most recent model calculations [30] have
assigned the lowest exciton state to Chl a612, whereas other models
point to a610 [31,32]. It is also possible that the latter two Chls change
their role as the lowest-energy sink depending on temperature [33,34].
Müh et al. [32] suggested a possible conformational change of the Chl
a604 site (with respect to the crystal structure) resulting in a red shift.
Accordingly, Chls a604 and a610 may be the lowest-energy sinks in
plant LHCII.
ACD spectroscopy can help identify the pigments contributing to
spectral features by virtue of generally less crowded spectra [16,35,36]
and by linking excitonic bands and the orientation of the underlying
transition dipole moments [37]. Corroborating the assignment of Müh
et al. [32], the ACD spectra of plant LHCII calculated using their exciton
model provided a good qualitative fit of the experimentally measured
spectra [16]. Moreover, when Chls a604 and a610 were omitted from
the model, the resultant simulated ACD spectra failed to reproduce a
characteristic sign inversion of the ACD at 680 nm. Similarly, if one of
the energy sinks is replaced by Chl b, the positive ACD band at 680 nm
should not be observed. Indeed, the ACD spectra of B. corticulans LHCII
lack the positive 680 nm band. Provided that the assignment of the
lowest-energy sinks in the model of Müh et al. is correct, it would follow
that either Chl a604 or b610 must be replaced by Chl b in B. corticulans.
4.2. Excitation decay lifetimes
Because excitation energy equilibration in the complex is generally
very fast (<< 0.1 ns), the fluorescence of the equilibrated system
should decay monoexponentially. The minor contribution of short-lived
fluorescence decay components (0.1–1.2 ns) might originate from small
subpopulations (<10% total) of aggregated or dynamically quenched
complexes in the sample. Both the average lifetime (4 ns) and the major
decay lifetime (4.5 ns) of LHCII from B. corticulans are slightly longer
than the respective values in higher-plant LHCII but within the range of
values observed previously, especially for monomeric LHCII (un-
published data), and can be attributed to the slightly different local
environment of the emitting Chls. On the other hand, the pronounced
lifetime heterogeneity and reduction of the average fluorescence life-
time in proteoliposomes (Supplementary Fig. S6) is a result of the al-
tered environment – mainly the formation of protein-dense LHCII
clusters in the membrane [22,38].
It should be noted that the excitation decay lifetimes reported by
2DES are shorter – 1.4–2.6 ns at RT and 0.6–0.8 ns at 77 K. This ap-
parent inconsistency is mostly due to the short time range of the
measurements (0–100 ps). Consequently, short-lived components of
even minor amplitudes (Fig. 5) may significantly bias the fit. Additional
excitation decay is likely present in the conditions of the 2DES mea-
surements due to singlet annihilation and the presence of glycerol [24].
It remains to be clarified whether the excitation lifetime actually de-
pends on the temperature in the absence of these factors.
4.3. Energy transfer dynamics
The central question of the present investigation is how pigment
composition changes in LHCII affect the dynamics and efficiency of
energy transfer. In LHCII isolated from plants, EET from Chl b to Chl a
occurs in the range of 0.15–0.5 ps at RT [39–41] and 0.3–0.6 ps at low
temperatures [42–45]. A distinctive characteristic of all LHCII forms is
the presence of long-lived Chl forms absorbing in an intermediate re-
gion (660–670 nm) between the major Chl b and Chl a Qy bands
[46,47]. In recent years, several 2DES theoretical modelling studies
have revealed further details on the EET dynamics in plant LHCII [for
review, see 15]. The lifetime of the intermediate ‘bottleneck’ state as
well as the equilibration between the lowest-energy Chl a domains and
between monomers in the trimers are in the range of several ps. Longer
components in the range of 10–20 ps are resolved at low temperatures
[24].
In an earlier work, Zhang et al. [48] assumed that excitation equi-
libration in LHCII from B. corticulans occurs with time constants span-
ning up to 160 ps. The analysis was based mainly on multiexponential
fits of the fluorescence decay kinetics recorded at fixed emission wa-
velengths. While a decay component of comparable lifetime (120 ps)
was resolved in the time-resolved fluorescence presented here, the
multiwavelength global analysis results are definitive – no EET takes
place on such a long timescale and the decay is attributed to a small
fraction (5%) of quenched complexes, always present in vitro. Clearly,
the time window of EET is considerably shorter than 50 ps (the in-
strument response width), as is the case with plant LHCII and in con-
cord with the 2DES experiments performed with 35 fs pulses.
The increased Chl b emission observed in the fluorescence spectra at
RT could mean that some Chl b molecules transfer energy to Chl a with
lower efficiency. However, Chl b emission (5–10% intensity relative to
Chl a) is also observed in RT spectra of higher-plant LHCII – this is a
consequence of thermal equilibration and can be expected from the
detailed balance condition. The relative increase of Chl b emission
(at 650–660 nm) in B. corticulans is ~1.8-fold higher (Fig. 2), i.e.
equivalent to the change in the Chl b/a ratio. Moreover, there is no
difference between the fluorescence emission spectra upon Chl a and
Chl b excitation (data not shown). All these observations indicate that
the Chl b emission at RT is due to thermal equilibration. Finally, there
are no persistent diagonal peaks in the 2D electronic spectra, which
would indicate the presence of energetically uncoupled Chls in the
complexes. Therefore, we can conclude with confidence that the light-
harvesting complexes are fully functional in the sense that all absorbing
chromophores are coupled with high EET efficiency. The very low Chl b
emission at 77 K (Fig. 2b), which is consistent with the results of Na-
kayama and Mimuro on B. maxima [11], can be attributed to a small,
substoichiometric fraction of uncoupled Chl b in the samples. Never-
theless, the 2DES data show marked differences in the dynamics of EET
in the plant and algal LHCII, as discussed below.
The RT 2D electronic spectra are generally similar to those of
higher-plant LHCII obtained with the same experimental setup [15,49].
They show spectral redistribution occurring on different timescales –
from several hundred fs to several ps, ending up in a thermal equili-
brium of excited states independently from the initially excited state.
However, global analysis of the 2DES data revealed that the pathways
and dynamics of EET differ between plant LHCII and B. corticulans. An
obvious change is that the longest resolved EET lifetime is around 5 ps
in plant LHCII but 9.4 ps in B. corticulans. The EET process contributing
mostly to the decay lifetime is from states around 669 nm – this spectral
form is also resolved at 77 K and can be related to the ‘bottleneck’ long-
lived Chls in plant LHCII. The 9.4 ps 2D DAS also revealed a fraction of
long-lived Chl b, at 650–655 nm. Such long-lived Chl b states are not
present in plant LHCII; therefore, the decay probably represents one of
the extra Chl b molecules found in B. corticulans. It must be noted that
the long-lived Chl b population has no significant impact on the overall
rate of Chl b → a EET at RT – the 2 ps average time for populating the
lowest-energy Chl a is still very short, compared to the excitation life-
time of 4 ns. As discussed above, a second additional Chl b in B. corti-
culans LHCII absorbs at 658–659 nm. This spectral form rapidly relaxes
by EET to Chl a, as revealed by the well resolved diagonal peak in the
260-fs 2D DAS (Fig. 8a).
As is the case with LHCII from higher plants [24], lowering the
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temperature to 77 K results in measurably slower EET dynamics in
LHCII from B. corticulans as well. The relative contribution of decay
lifetimes to the diagonal peaks in the 2D electronic spectra at 77 K is
shown in Table 1. The average population lifetime of high-energy Chl b
forms (650 nm) is about 5 ps (note that the final ns decay is not in-
cluded in the calculation of the average lifetimes). EET from the 658-
nm spectral form slows down as well – approximately equal amplitudes
of the 0.5 ps and 2.7 ps lifetimes result in a 1.8 ps average lifetime. The
slowest EET dynamics, however, is found in the Chl a region – with
average lifetimes of 8.4 and 10.7 ps for the diagonal signals at 672 and
674 nm, respectively. Comparing these diagonal peak lifetimes with the
values corresponding to LHCII from P. sativum, it is evident that EET
can be up to two-fold slower in B. corticulans. An exception is the life-
time of the 658-nm peak, which is determined by relatively fast EET
from the extra Chl b. The slower EET in the Chl a wavelength region
may be intuitively understood in terms of comparatively lower Chl a
concentration in the complex volume and lower density of excited
states in energy domain. It can be said that adaptation of LHCII to
shorter-wavelength light in the intertidal alga does come with a trade-
off between the enhanced absorption cross-section and excitation mi-
gration time. Although exciton equilibration time is longer in B. corti-
culans – about 10 ps – it is still an order of magnitude shorter compared
to the trapping time of PSII [50]. Therefore, the adaptive change should
have negligible effect on the overall quantum efficiency.
5. Conclusions
The comprehensive spectroscopic characterization presented here
reveals details on the adaptation of the siphonous alga B. corticulans to
its intertidal habitat by spectrally tuning LHCII to shorter wavelengths.
Compared to higher-plant LHCII, the complex contains two additional
spectral forms of Chl b – absorbing at around 650 nm and 658 nm, at
the expense of Chl a absorbing at around 674 nm and 679 nm – the
lowest-energy Chl a form in LHCII. The specific Chl a/b exchange in B.
corticulans, while retaining the general tertiary structure of the protein
complex, presents a valuable opportunity to identify spectral forms and
the associated Chl binding sites, which has been a highly challenging
and contentious issue [15]. It would be highly informative to analyse
the present spectroscopic results in terms of the complex structure,
whenever it becomes determined, e.g. by X-ray diffraction or cryo-
electron microscopy.
The adaptive change in Chl composition in B. corticulans LHCII al-
ters the pathways and dynamics of EET. The Chl b form at 650 nm is
relatively long-lived, slowing down EET to Chl a. The lower density of
Chl a also results in a markedly slower EET to the lowest-energy state
(677 nm), which occurs on a timescale of about 10 ps at 77 K. Thus,
there is a trade-off between the increased absorption cross-section at
shorter wavelengths and the excitation migration time. However, as the
latter is much shorter than the overall excitation trapping time, the
quantum efficiency of PSII should not be significantly affected. These
results show that LHCII is a robust adaptable system whose spectral
properties can be tuned to the environment while maintaining effi-
ciency of EET.
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